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Window and door opening behavior, carbon dioxide
concentration, temperature, and energy use during the
heating season in classrooms with diﬀerent ventilation
retroﬁts—ASHRAE RP1624
ANNA HEEBØLL1, PAWEL WARGOCKI2, and JØRN TOFTUM3,∗
1Danish Technological Institute, Tåstrup, Denmark
2Section of Indoor Environment and Building Physics, Department of Civil Engineering, Technical University of Denmark, Lyngby,
Denmark
3Department of Civil Engineering, Technical University of Denmark, Nils Koppels Allé, Building 402, DK-2800 Lyngby, Denmark
The aim of the present study was to extend the knowledge on the suitability and performance of diﬀerent ventilation retroﬁt solutions
for school buildings located in a temperate climate. A unique approach was used, where four similar and adjacent classrooms in
the same school unit located north of Copenhagen, Denmark, were retroﬁtted either with a decentralized, balanced supply and
exhaust mechanical ventilation unit with heat recovery; automatically operable windows with an exhaust fan; automatically operable
windows with alternating counter-ﬂow heat recovery through slots in the outside wall; or a visual feedback display unit showing
the current classroom carbon dioxide concentration, thus advising when the windows should be opened. For comparison, one
classroom retained the original approach for achieving ventilation by manual opening of windows. One year after retroﬁtting the
classrooms carbon dioxide concentrations, temperatures, energy use, and window and door opening behavior were recorded during
a four week period in the heating season in January. The measured carbon dioxide concentrations were signiﬁcantly lower in the
classrooms with the mechanical ventilation system and the system with automatic window opening and an exhaust fan as compared
with the classrooms with automatic window opening and heat recovery, with visual carbon dioxide feedback and where windows
were opened manually. The automatically controlled windows were open for 71% of the occupied time including breaks with an
exhaust fan and for 49% with heat recovery. The façade windows were open up to 17% of the occupied time including breaks in the
classrooms with manual window opening (with or without visual feedback). The classroom temperature was generally within the
recommended thermal comfort range. The present results indicate that in temperate climates the mechanical ventilation system and
both systems with automatic window opening are the recommended systems for classrooms in temperate climates. Providing simply
visual feedback on the current carbon dioxide concentration, as a motivation for window opening, did not do so.
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Introduction
Numerous studies have shown that inadequate ventilation
in classrooms in elementary schools reduces the comfort,
performance, and attendance of the pupils and increases
the prevalence of negative health symptoms (e.g., Bakó-
Biró et al. 2012; Daisey et al. 2003; Gaihre et al. 2014;
Haverinen-Shaughnessy et al. 2011; Mendell et al. 2014;
Wargocki et al. 2002, Wargocki and Wyon 2013). Recent
cross-sectional studies in classrooms in schools in Denmark
and abroad have documented that classroom air quality is
often characterized by carbon dioxide (CO2) concentrations
considerably higher than the maximum of 1000 ppm, which
is typically recommended by current guidelines and building
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codes (e.g., Energistyrelsen 2014; ISO 15251-2007). This has
been reported to occur particularly often in classrooms where
ventilation is achieved by manual window opening, especially
during the heating season in temperate regions (Clausen et
al. 2014; Gao et al. 2014; Hellwig et al. 2009; Rosbach et al.
2016; Santamouris et al. 2008; Shendell et al. 2004; Stabile et
al. 2016; Toftum et al. 2015).
Improving ventilation in elementary school buildings can
be achieved by retroﬁtting existing classrooms or by the
construction of new school buildings, the former being
easier to implement, but both being generally considered
as costly investments. An interim alternative solution to
either could be to motivate students and teachers to change
their behavior, by encouraging them to manually open the
windows and in this way increase the ventilation rate. The
performance of diﬀerent methods of controlling ventilation
in a naturally ventilated classroom was evaluated by Griﬃths
and Efthekari (2007) who found that it was diﬃcult to meet
air quality requirements in a heating season scenario without
compromising thermal comfort.
The eﬃcacy of improving the ventilation rate by manually
opening windows is greatly aﬀected by the outdoor condi-
tions, including the location of the school (urban and/or
rural), by climatic conditions (wind speed and direction,
outdoor temperatures), and by how customary it is for pupils
and teachers to open windows. It also depends on the class-
room layout and on whether single-sided or cross-ventilation
can be established. Based on measurements of air tightness
in classrooms in an Italian school, Stabile et al. (2016) found
that even in poorly maintained classrooms, the permeability
of the envelope was too low to guarantee acceptable air
exchange rates. The study also showed that during the fall
and winter seasons airing seemed ineﬀective. Wyon et al.
(2010) demonstrated in a ﬁeld intervention experiment that
although pupils and teachers readily opened windows when
the classroom became warm, they seldom did so when the air
quality was poor, possibly because they did not perceive the
poor air quality due to gradual sensory fatigue (also known
as adaptation, Gunnarsen and Fanger 1992). High temper-
ature seems to be a more important factor driving window
opening than any other (Dutton and Shao 2010; Fabi et al.
2013), and during cold weather window opening may seldom
occur because of thermal discomfort due to the admission of
cold outside air and draughts (Griﬃths and Efthekari 2008).
Gao et al. (2016) investigated indoor climate, window
opening behavior, and pupil responses in classrooms with dif-
ferent types of ventilation system. Month-long measurements
were made in a classroom with balanced central mechanical
ventilation and in a classroom where windows were automat-
ically opened and an exhaust fan ensured suﬃcient air intake.
In addition, the study comprised two classrooms where the
windows could be opened either manually or automatically
(one-sided natural ventilation). The latter two classrooms
were adapted from the same classrooms where windows
were opened automatically and where the exhaust fan was
installed. It was done by inactivating the fan or both the
fan and the procedure for automatic opening of windows.
Based on CO2 measurements, Gao et al. (2016) found that
the classroom with mechanical ventilation had the highest
estimated average air-change rate and that windows were
frequently opened in the nonheating season, but very seldom
in the heating season.
Wargocki and Da Silva (2015) studied changes in window
opening behavior when they provided visual feedback on the
CO2 concentration to pupils and teachers. The studies were
performed during both the heating and nonheating seasons,
for a week at a time. The pupils and teachers were instructed
to open windows when CO2 concentrations were above 1000
ppm, for example, when the feedback lamps were yellow
or red. They observed that in periods when the visual feed-
back device was in operation, more windows were opened,
resulting in reduced CO2 concentration, but at the expense
of increased energy use. During the heating season, Toftum
et al. (2016) used the same visual feedback device during a
week-long period, but gave diﬀerent instructions to diﬀerent
classes in the same school. In one class, pupils were instructed
to open windows when the CO2 concentration was high. The
other class was simply recommended to open the windows
under these conditions. In two other classes without such
visual feedback, pupils in one class were told that they must
open the windows for 5 minutes during every lesson and in
another class that they must open all the windows before leav-
ing the classroom during the break. The eﬀectiveness of each
intervention was compared by measuring CO2 concentrations
prior to and after the interventions. In both classes with the
visual feedback device, the occupied time during which the
CO2 concentration was above 1000 ppm was reduced by 40%
to 60%, but the time when the classroom temperature was
below 20oC seemed also to increase. The interventions with-
out visual feedback had only negligible eﬀects on the CO2
concentration. However, recent measurements performed
by pupils in 785 Danish classrooms showed that leaving the
classroom and airing out during breaks reduced the percent-
age of classrooms with a CO2 concentration higher than 1000
ppm from 60% to 39% compared to a condition when no
windows were ever open (Clausen et al. 2014).
The current study was carried out within the framework of
the ASHRAE RP-1624 project on “Eﬀective Energy-eﬃcient
Classroom Ventilation for Temperate Zones.” The overall
objective of the study was to evaluate the performance of dif-
ferent methods of classroom ventilation in terms of the ther-
mal and air quality in the classrooms, the window opening
behavior of children and teachers, pupil’s perceptions of the
classroom environment, their reported health symptoms, their
performance of school work, and energy use. The objective of
the work presented in the current article was to measure CO2
concentration, temperature and energy use, and to record
window and door opening behavior during the heating season
in classrooms retroﬁtted with diﬀerent ventilation solutions.
Methods
School and classrooms
The school where the measurements were performed was
located in a rural area north of Copenhagen, Denmark.
There were 543 pupils in 25 classes with 2 to 3 classes at each
grade level. Prior to installation of the ventilation retroﬁts,
pupils and teachers had to open windows and doors manually
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Fig. 1. Floor plan of school building with location of the classrooms evaluated (left) and picture of classroom from the outside (right).
if the classrooms were to be ventilated at all. This was not
suﬃcient to ensure an acceptable classroom air quality. The
municipality together with the school management there-
fore decided to retroﬁt selected classrooms with ventilation
systems to make it possible to compare diﬀerent retroﬁt solu-
tions and select the one that was the best ﬁt for the school.
Diﬀerent ventilation retroﬁts could, therefore, be compared
in the same school building, instead of between schools.
The classrooms in which the retroﬁts were installed were
located in a one-story building that had been commissioned
in 1980: four diﬀerent retroﬁts were installed in four class-
rooms and a ﬁfth classroom served as a reference. The class-
rooms were occupied by 11- to 12-year-old pupils in 4th and
5th grade. Figure 1 shows the layout of the building and the
location of the classrooms.
Each classroom had an area of 56 m2 and a volume of
160 m3. With a nominal number of 25 occupants (24 pupils
plus 1 teacher), the minimum outdoor air supply rate as
required by the Danish building code is about 520 m3/h (145
l/s; Energistyrelsen 2014). In addition, the Danish building
code requires that the classroom CO2 concentration should
not exceed 0.1% during extended occupancy periods. The
nominal number of pupils in each class was between 23 and
26. The actual number of pupils present in the classrooms
during the study period was typically between 22 and 25
pupils.
The classrooms had brick walls, acoustic ceilings, and
linoleum ﬂoors. Figure 2 shows the interior, which was nearly
identical in all the classrooms. The classrooms had overhead
windows, windows in the façade with a view to the outdoor
area, and two doors, one to a common area/hallway and one
to the outdoor yard (Figure 3). Both the façade and over-
head windows could be opened manually prior to installation
of the retroﬁts. The location of the windows on two oppo-
site facades enabled cross-ventilation in the classrooms. The
windows in the façade of the classrooms where the retroﬁts
were installed were replaced with new ones prior to instal-
lation of the retroﬁts. These were the classroom in which a
mechanical supply and exhaust ventilation unit and the two
in which automatic window opening was installed. In the
other two classrooms the original, manually openable win-
dows were retained.
All ﬁve classrooms were heated by water-ﬁlled radiators
mounted below the façade windows and water-ﬁlled con-
vectors below the overhead windows. Both radiators and
convectors had manually adjustable thermostats.
The school was located in a temperate climate zone with
mild winters and cool summers and the prevailing wind direc-
tion was west. Table 1 provides a summary of the actual
weather conditions that were recorded during the measure-
ment period.
Retrofit solutions
The four retroﬁt solutions for improving classroom ventila-
tion were:
 A mechanical ventilation unit, with balanced supply and
exhaust airﬂow that was controlled by the CO2 concentra-
tion, was suspended from the ceiling of Classroom S3.
Fig. 2. Interior of a typical classroom.
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Fig. 3. Cross-section, ﬂoor plan, elevations of classroom, and location of openable windows (windows which could not be opened
are not named).
 A system for natural ventilation by automatic window
opening and an exhaust fan, both controlled by the CO2
concentration, were installed in Classroom S4.
 A second system for natural ventilation by automatic
window opening and ﬁve alternating counter-ﬂow heat
recovery units in slots in the outside wall, all six systems
being controlled by the CO2 concentration, were installed
in Classroom S5.
 A visual CO2 feedback display indicating when the CO2
concentration was high and that windows, therefore,
should be opened, was installed on the classroom wall in
Classroom S8.
A mechanical ventilation unit was installed in Classroom
S3. The unit was equipped with a ﬁlter (class EU7), a heat
recovery unit, an electrical pre-heater, and a water-to-air
Table 1. Weather conditions aggregated for the entire measure-
ment period from the January 7th to February 2 nd 2015 (includ-
ing unoccupied periods).
Min Max Median Mean SD
Air temperature, °C − 2.4 10.3 2.5 2.9 2.2
Relative humidity, % 80.0 100.0 100.0 97.0 4.4
Wind speed, m/s 0.0 33.8 6.4 7.6 6.5
heating coil. It had a maximum airﬂow rate of 725 m3/h (201
l/s). The noise level at the maximum airﬂow was 35 dB(A)
as speciﬁed by the manufacturer. The minimum airﬂow rate
was 200 m3/h (56 l/s). The low airﬂow rate was provided
when the classroom CO2 concentration was below 600 ppm;
the airﬂow rate reached maximum at a concentration above
800 ppm. Between 600 and 800 ppm, the supply airﬂow
rate increased linearly from the minimum to the maximum.
The supply air temperature was adjusted by a thermostat to
keep the room air temperature at 23 °C. The windows in this
classroom could still be opened manually, independently of
the operation of the mechanical ventilation system.
The actuators for the automatic window opening sys-
tems installed in Classrooms S4 and S5 operated the façade
windows Win1, Win3, and the overhead window WinH
(Figure 3). In both classrooms, the indoor CO2 concentra-
tion, indoor air temperature, outdoor weather conditions
and time of day were used as input to the window open-
ing control system. A timer control was used to open the
windows at the start of each clock hour of the school day
if the CO2 concentration was above 800 ppm. Unfavorable
weather conditions with precipitation or strong winds caused
the window opening degree to be reduced. The windows
were controlled in so-called “pulse” and “trickle” modes;
during the heating season, the “pulse” control mode typically
dominated. When the CO2 concentration increased rapidly
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to a level above 800 ppm, the “pulse” control mode opened
the windows to the maximum opening degree for 3 minutes.
In this mode and during the heating season (mid-October
to mid-April), the maximum opening degree was 50% of the
maximum achievable opening of the windows. During the
nonheating season (mid-April to mid-September) it was 80%.
The “trickle” control mode opened the windows gradually
to the season-dependent maximum opening degree, when
the CO2 concentration increased from 750 to 1000 ppm.
The control algorithm was over-ruled and windows were not
opened when the indoor air temperature was below 19oC.
The occupants had the possibility to manually over-ride the
system by pushing a wall-mounted button, which opened the
windows fully. When this happened, the system reverted to
the original control setting 15 minutes after the button had
been pushed. One of the lower windows could still be opened
manually by pupils and teachers.
The automatic window control in Classroom S4 was
accompanied by an exhaust fan. The fan was mounted in
the overhead window opening to support cross-ventilation.
The fan’s nominal airﬂow rate was 749 m3/h (208 l/s) at a
noise level of 40 dB(A) 10 meters from the fan as speciﬁed by
the manufacturer. Operation of the exhaust fan started at a
CO2 concentration of 700 ppm and the maximum speed was
reached at 1000 ppm. No heat was recovered from the exhaust
ﬂow. Supply air entered this classroom either through open
windows or from the adjacent hall in cases when the fan was
running and the windows were closed. This could be when the
outdoor temperature was low and with strong winds. There
was no indication that this situation occurred during the mea-
surement period.
The automatic window control in Classroom S5 was
accompanied by heat recovery units, each of which con-
sisted of a heat absorbing material and a row of small fans.
These units worked in pairs with opposite ﬂow directions
that reversed every minute. With exhaust airﬂow heat was
absorbed and with supply airﬂow the absorbed heat preheated
the cold supply air. The heat recovery units were installed in
special slots in the outdoor wall; each section/unit contained
ﬁve to seven small fans. Altogether, ﬁve units were installed
and they could deliver outdoor air at a maximum rate of 468
m3/h (130 l/s) at a low pressure loss, resulting in a SFP of 300
J/m3. At the maximum airﬂow rate, the nominal noise level
of one unit was approximately 35 dB(A) as speciﬁed by the
manufacturer. Because of the operation principle any pollu-
tion trapped in the unit was reintroduced to the classroom.
The thermal eﬃciency of the heat recovery was about 85%.
The units were run at minimum speed when the CO2 concen-
tration in the classroom was below 650 ppm and their speed
of operation was progressively increased to reach maximum
airﬂow above a concentration of 750 ppm.
In Classroom S8, the display providing visual feedback
on the CO2 concentration was mounted on the wall. It had
a scale consisting of LEDs showing the CO2 concentra-
tion from 250 to 5000 ppm. The pupils and teachers were
instructed to open the windows when the lights were yellow,
for example, when the CO2 concentration was above 1000
ppm. When the lights turned red, for example, when the
CO2 concentration exceeded 1600 ppm, they were instructed
to open all windows and doors for 5 minutes to achieve
cross-ventilation; during this time they were asked to leave
the classroom. The pupils and teachers received instructions
on how to respond to the feedback in October, for example, a
few months prior to the present measurements.
The ventilation in the reference classroom was either
single-sided, when either the façade or overhead windows
were open, or two-sided (cross ventilation) when windows in
both sides were open simultaneously. The overhead window
could be opened by using a crank handle. Classrooms S7 and
S8 had the same window conﬁguration (Figure 3). As the
Danish building code states that the classroom CO2 concen-
tration should not exceed 0.1% during extended periods, this
value was used when comparing the performance of the dif-
ferent systems (Energistyrelsen 2014).
The retroﬁtted systems were in operation in January and
February 2014 after being installed during the Christmas
break of 2013/2014. Measurements described in the current
article were made from January 7th to February 2 nd, 2015
during normal teaching activity after the retroﬁtted systems
had been in operation for a full year (except during three
separate weeks during which other experiments were carried
out in October through November 2014). The visual feedback
device had been in operation for approximately 4 months.
Measurements
One measurement station consisting of a Vaisala CO2 trans-
mitter model GMW22 (CO2 range: 0–5000 ppm ± 100 ppm
+ 2% of reading) connected to an Onset HOBO data logger
model U12-012 (signal range: ±2mV ±2.5% of reading) that
also monitored temperature (range: –20 to 70 °C, ±0.35 °C in
the range 0 to 50 °C) and relative humidity (RH; ±2.5% from
10% to 90% RH) was installed in each classroom. Measure-
ments were recorded in 5-minute intervals during the 4 weeks
from January 7th to February 2 nd, 2015. The measurement
station was located away from the windows at a height of
approximately 1.5 m above the ﬂoor next to the whiteboard.
During another period (not reported in the current article)
when an intervention study was carried out, but also in the
heating season, two measurement stations were installed in
each room; one next to the whiteboard and one at the back of
the room. Convective currents caused by pupil movement and
the temperature diﬀerences between their surface and the sur-
rounding air resulted in well-mixed air, as indicated by nearly
identical CO2 concentrations measured at the two locations.
Window and door opening events were recorded with
Onset HOBO State U9 Data Loggers with binary output. The
state loggers recorded the events (window/door open/closed)
and the time of the event. They were located on all the opera-
ble windows and the door frames in the classrooms.
In Classrooms S3, S4, and S5, the electricity used by the
systems was logged. Energy meters were installed on the radi-
ators, convectors, and the water-to-air heating coil in the
mechanical system in Classroom S3. The window orientation
in these rooms was the same (SSE), but the area of the exter-
nal walls diﬀered. One element of the overall study that was
not reported in the current article was to simulate the energy
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Fig. 4. Example of processing of event-based data for open-
ing/closing of a door (1 = closed, 0 = open).
use of the classrooms in diﬀerent climate zones. This was done
based on the geometry of the school building and its mate-
rial properties. From the simulation program, the authors
adopted UA (heat transfer coeﬃcient multiplied by area) fac-
tors for each classroom and used them to correct the heating
energy use. U is the façade heat transmission coeﬃcient and
A the area. The reference classroom (S7) and the visual feed-
back device tested in Classroom S8 were included in the study
by the authors after the municipality had completed instal-
lation of the retroﬁt solutions in the other three classrooms.
Energy meters had, therefore, not been installed in these two
classrooms.
Data processing
The measured CO2 concentration, air temperature, and the
opening state of windows and doors were merged in a com-
mon data set; all data were presented in 5-minute intervals.
Data were aggregated for the occupied time deﬁned as the
lessons that took place in the classrooms. The breaks for
recess and lunch were not included in the occupied time used
when aggregating CO2 concentrations and temperatures, as
pupils typically spent these outside the classroom. However,
break time was included in the analysis of the opening state
of doors and windows, since these periods also aﬀected the
environment conditions in the classrooms during lessons.
Due to the event-based functionality of the instrumenta-
tion used to record window and door opening, the loggers
in some cases indicated opening or closing of doors and
windows in 1-second intervals and in other cases in e.g.
1-hour intervals. The periods with high frequency recordings
were caused by windows or doors that were slightly ajar and
could be moved by variations in the air pressure. The loggers,
therefore, recorded many opening/closing events as the unit
registered that the signal changed state. These periods were
assumed to represent closed windows/doors. Figure 4 shows
the results before and after adjustment of the events registered
by the loggers. The analysis of window and door opening
included not only the time classrooms were occupied, but the
whole period from start to end of the measurements.
Data analysis
The eﬀect of retroﬁts on classroom CO2 concentration and
temperature was compared by analysis of variance (ANOVA).
In separate analyses, the ANOVA models examined the eﬀect
on the CO2 concentration or temperature of the type of
ventilation in the classroom adjusted for the measurement
week, weekday, and the lesson within a day. Also, the models
included all two-factor interactions between the main vari-
ables to adjust for the variability caused, for example, by
the interaction between weekday and lesson. The analysis of
the CO2 concentration was made with log-transformed CO2
concentrations due to the skewness of their distributions.
Duncan’s Multiple Range Test was used to allow for multiple
comparisons. The residuals of both models were normally
distributed.
The binary opening state of a window or door was com-
pared between classrooms by logistic regression analysis.
For each window and door in a classroom, the processed
recordings of its opening state were aligned with concurrent
recordings of CO2 and temperature made every 5 minutes of
the occupied time. The binary opening state was then used as
the response variable in the analysis. Classroom, CO2 concen-
tration and temperature were used as explanatory variables.
The logistic regression analysis compared only classroom
S3 with the other classrooms and therefore Wald’s test was
used for pairwise comparison of all other combinations of
classrooms.
Student’s unpaired t-test was used to compare CO2 con-
centrations measured in Classroom S3 between two periods
when winH was left open and when it was closed (second ver-
sus ﬁrst half of the measurement period).
All diﬀerences were considered signiﬁcant at p < 5%. The
statistical analyses were carried out in R (University of Auck-
land, New Zealand) and Stata IC version 12.0 (Statacorp, TX,
USA).
Results
Classroom CO2 concentration and temperature
Figure 5 shows box-plots of the CO2 concentrations and air
temperatures measured in each classroom during the occu-
pied school hours, excluding the breaks when pupils spent
most of their time outside the classroom. In the classroom
with the mechanical ventilation system (S3) and the class-
room with automatic window control and an exhaust fan (S4),
the CO2 concentration was found to be signiﬁcantly lower
than in the other three classrooms (p < 0.01, ANOVA); the
median CO2 concentration in these classrooms was below
1000 ppm and the CO2 concentration varied less, as indi-
cated by a smaller inter-quartile range, than in the other
three classrooms. No statistically signiﬁcant diﬀerences were
observed between the CO2 concentrations measured in the
other three classrooms S5, S8, and S7. All two-factor inter-
actions included in the ANOVA model were signiﬁcant at
p < 0.01, indicating that the CO2 concentration varied both
between lessons within a day and between days within a week.
The mean CO2 concentration measured between 7:30 and
7:40 in all classrooms prior to arrival of pupils and teachers
was 410 ppm (range 375 to 602 ppm).
The temperature was signiﬁcantly higher in the classroom
with visual feedback (S8) than in all the other classrooms
(p < 0.01, ANOVA; Figure 5), presumably because the
radiator thermostats were set higher. In this classroom, the
median temperature was also higher than the recommended
maximum heating season temperature of 24oC (ASHRAE
55–2013; ISO 15251-2007). The temperature in the classroom
with the mechanical ventilation system (S3) was signiﬁ-
cantly higher than in the classrooms with automatic window
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Fig. 5. Box-plots of the classroom CO2 concentration (left) and indoor air temperature (right) in each classroom during the occupied
period.
control (S4 and S5) and the reference classroom (S7; p <
0.01, ANOVA). The temperature did not diﬀer signiﬁcantly
between Classrooms S4, S5, and S7 and it was generally
within the recommended thermal comfort range of 20oC
to 24oC (ASHRAE 55–2013; ISO 15251-2007), although
events with lower temperature were sometimes recorded in
Classroom S4.
As an average over each of the 5 school days in the 3rd mea-
surement week, Figure 6 shows proﬁles of the CO2 concen-
tration and temperature in each classroom together with the
external temperature. The variability during the school day of
the CO2 concentration was smaller in S3, S4, and S5 than in
the classrooms without dedicated ventilation systems. Also,
the peak concentration was lower in these rooms, although in
S4 and S5 the ventilation ﬂow rate could not entirely sustain
a CO2 concentration below 1000 ppm. Temperatures varied
between rooms, but the variation within classroom was rather
modest during the school day.
Occupant interaction with windows and doors in the classrooms
For each day and time of day during the measurement
period, Figure 7 shows the number of windows opened
simultaneously; Figure 8 provides similar information on
the opening state of the two doors in each classroom. Many
frequent opening events of short duration were observed
in classrooms S4 and S5 where the windows were opened
automatically, compared with the other classrooms. In S4
and S5, the teachers and pupils opened windows manually
for only 5% of the time. In the reference classroom (S7) and
the classroom in which visual feedback on CO2 was provided
(S8), the windows were rarely opened. In classroom S3 with
mechanical ventilation, one window (winH) was left open
during the entire second half of the measurement period.
This seems not to have aﬀected the temperature, which was
generally higher in this classroom than in the other rooms.
However, the CO2 concentration was signiﬁcantly higher
during the ﬁrst period with a closed winH than during the
second period with an open winH (median 899 ppm versus
564 ppm; p < 0.05, t-test).
The external door in the classrooms with dedicated ven-
tilation systems (S3, S4, and S5) was generally opened less
frequently than in S7 and S8 (p < 0.05, logistic regression).
Events with two open doors were more prevalent in the
reference classroom (S7) and in the classroom with the visual
feedback display (S8), as could be expected (Figure 8). The
door to the hall was left open or ajar in S4 for an extended
period and for a few days in S3 and S5.
For each classroom, Figure 9 shows the percentage of
the occupied time when each of the doors and windows was
open, aggregated for the whole measurement period. The
Fig. 6. CO2 concentration (left) and temperature (right) in each classroom during a school day (average over each of the ﬁve school
days in the third measurement week). The ﬁgures also show the average external temperature.
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Fig. 7. Number of open windows as a function of day and time
of day during the measurement period.
door to the yard was open for only 1% to 2% of the occupied
period in the classrooms with dedicated ventilation systems.
In contrast, this door was open for 31% and 33% of the occu-
pied period in the reference classroom (S7) and the classroom
with visual feedback (S8), respectively. The entrance door
Fig. 8. Number of open doors as a function of day and time of
day during the measurement period.
in the classroom with automatic window opening and an
exhaust fan (S4) was open for 47% of the occupied period
(Figure 8), mostly during the second half of the measurement
period (Figure 7). This could be due to a particular teacher,
who did not mind that there was a door open during lessons.
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Fig. 9. Percentage of the occupied period including breaks in each classroom with open or closed doors and windows. In S7 and S8
Win 1 and Win 3 could not be opened.
Figure 9 shows that the façade windows were open for less
than 15% of the occupied period including breaks in the class-
rooms without automatic control of window opening (S3, S7,
and S8). In comparison, the windows that were automatically
controlled (Win3 and WinH) in classrooms S4 and S5 were
open for 44% to 71% of the occupied time. Particularly low
temperatures were measured in S4, and this corresponded well
with the lower CO2 concentrations measured in this room,
indicating an increased supply of cold outdoor air due to the
frequent opening of the windows in combination with the
exhaust fan.
WinH and Win2 in the classroom with visual feedback (S8)
were open more frequently than in the reference classroom
(S7; p < 0.05, logistic regression), suggesting that the visual
CO2 feedback had some impact on the pupils’ and teachers’
window opening behavior (Figure 9). However, the CO2 con-
centration measured in S8 did not diﬀer signiﬁcantly from
what was measured in the reference classroom.
Energy use
Table 2 shows the energy used by the systems in each of the
retroﬁtted classrooms from January 7 to February 2. The
heating energy use was compensated for the diﬀerence in UA
between the classrooms according to the correction factors
shown in Table 2. In the two classrooms with automatic
window control and an exhaust fan or the heat recovery
units, the use of heating energy included the radiator under
the façade windows and the convector below the overhead
windows. In the classroom with the mechanical ventilation
system the energy used by the water-based heating coil was
also included. The electricity use included the energy used
by the fans in the mechanical ventilation system, the exhaust
fan and the fans in the heat recovery units as well as by the
actuators that opened the windows. Auxiliary electricity use
(computer for central management of all systems, wiring
closet, etc.) is not included in the values presented in Table 2.
Discussion
This study was undertaken to evaluate system performance
and occupant interaction with windows and doors in class-
rooms in which retroﬁtted ventilation solutions had been
installed and were being operated as they would be in any
given school subject to a similar retroﬁt. The current mea-
surements and observations, therefore, reﬂect the variation in
indoor environment, occupant behavior, and energy use that
can be expected in schools with similar retroﬁts, when they
are located in temperate climates, during the heating season.
The present study built partly on the methodology used previ-
ously by Gao et al. (2016) and Wargocki and Da Silva (2015).
However, one important distinction between these and the
present study was that in the present experiments the exam-
ined solutions had been in use for 1 year, except the visual
feedback device, which had been used through 4 months.
The diﬀerent retroﬁts were thus, not installed temporarily
Table 2. Use of heating and electrical energy in the sub-metered
classrooms (S3, S4, S5).
Mechanical
ventilation
system (S3)
Hybrid
solution with
exhaust fan
(S4)
Hybrid
solution with
heat recovery
(S5)
Electricity use,
kWh
10.7 10.2 8.9
Measured heating
use, kWh
646 365 259
Correction factor 1∗) 1.02 1.11
Corrected heating
use, kWh
646∗∗) 372 287
∗)Measured heating energy use was multiplied with the correction factor to
compensate for diﬀerences in external wall area.
∗∗)A malfunctioning valve may have aﬀected the heating provided by the
mechanical ventilation system.
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for the purpose of the experiments. Consequently, the pupils
and teachers were used to them before the measurement
campaign was started. Another distinction was that the use
of visual feedback was monitored for 1 month and not for 1
week. Finally, the measurements included also monitoring of
the energy used for both heating and ventilation.
Lower CO2 concentrations and lower variation in the CO2
concentration were observed in the classrooms with dedi-
cated ventilation systems as compared with the classrooms
with the other systems. However, the CO2 concentration was
signiﬁcantly lower only in the classroom with the mechanical
ventilation system (S3) and with the automatic window open-
ing and an exhaust fan (S4). The maximum supply airﬂow
achieved by the heat recovery units in S5 was only 60% to 65%
of the maximum airﬂow rate of the mechanical ventilation
system in S3 and of the exhaust fan in S4. The supplemen-
tary ventilation provided by the heat recovery units was
insuﬃcient to signiﬁcantly reduce the CO2 concentrations.
During the heating season, the motivation of pupils and
teachers to manually open windows is generally quite low.
This was shown by Gao et al. (2014) and Wargocki and Da
Silva (2014), and also observed in the current study in the ref-
erence classroom (S7), where the windows were rarely opened.
There could be several reasons why pupils open the windows
less frequently when it is cold outside, but the most obvi-
ous is that a low outdoor temperature causes cold draughts
when windows are open. During the present measurements
the average outdoor temperature was around 3oC and the
maximum temperature for the whole period was 10oC. Tem-
peratures in this range may be suﬃciently low to discourage
the teachers and pupils from opening the windows.
In the classroom with a visual feedback display (S8) win-
dows were opened for longer than in the reference classroom
(S7), but this did not reduce the CO2 concentration signif-
icantly. This ﬁnding diﬀers from what was found in other
studies in which a similar visual feedback display did signiﬁ-
cantly reduce the measured CO2 concentration in classrooms
(Toftum et al. 2016; Wargocki and Da Silva 2015). A possible
explanation for this diﬀerence could be that the pupils simply
forgot to pay any attention to the feedback display because it
had been present in the classroom for several months already.
This may indicate that users of such devices should be reg-
ularly reminded to act upon the feedback provided. As an
alternative to the one used in this study, a visual display unit
with a larger or animated display that attracts more attention
or one that is supplemented by an auditory signal may be
more eﬃcient in promoting manual opening of windows when
needed.
Periods with simultaneously open windows or doors were
very limited in both classrooms, for example, cross-ventilation
rarely occurred. Figures 7 and 8 show that opening events
were typically clustered within the same time slots. The visual
feedback display did not result in more time with an open
door to the outdoors than in the reference classroom, but in
both these rooms this door was open for longer than in the
other three classrooms. This could also have been for other
reasons than poor classroom air quality, for example, easier
access to the outdoor playground. The air temperatures in the
classroom with a visual feedback display were signiﬁcantly
higher than in the reference classroom, possibly due to a dif-
ferent thermostat setting.
The façade windows were open 71% of the occupied period
in Classroom S4 (with automatic window opening and an
exhaust fan). In Classroom S5 (with automatic window open-
ing and heat recovery units), the façade windows were open
for only 44% of the time. In S4 the CO2 concentration was
lower, which suggests that the duration of time with open win-
dows was an important factor contributing to the reduction
of the CO2 concentration. However, as the classrooms used
two diﬀerent systems for forced ventilation it is diﬃcult to
attribute the lower CO2 concentration solely to the time for
which windows were open. Although the temperature did not
diﬀer signiﬁcantly between S4 and S5, the median tempera-
ture was approximately 1oC lower in S4 than in S5, as the heat
recovery units delivered air at a median temperature of about
19oC (estimated with a thermal eﬃciency of 0.85, a median
indoor temperature of 22oC and median outdoor tempera-
ture of 2.5oC). Due to the heat recovery and the reduced time
with windows open, the heating energy used in S5 was lower
than in S4.
Neglecting the presumably forgotten open or slightly ajar
WinH in S3 with the mechanical ventilation system, windows
and doors to the outside in this classroom were open between
2% and 15% of the occupied time. In this room, the CO2
concentration was the lowest. However, the average indoor
air temperature was rather high, possibly due to a malfunc-
tioning valve in the ventilation system, which, therefore, sup-
plied air at a temperature that was too high. The valve defect
was not discovered until after completion of the measurement
period so the heating energy use in S3 may not reﬂect what
can be expected with a correctly functioning system. Unfor-
tunately, the defective valve in the mechanical ventilation sys-
tem also invalidated meaningful comparison of energy use
between classrooms S3, S4, and S5.
In the present study, the measured CO2 concentration
(together with the measured temperature and energy use) was
used a performance metric for the diﬀerent retroﬁt solutions.
The CO2 concentration is usually used as a proxy for venti-
lation, but in the current study the authors did not attempt
to estimate ventilation rate. The estimation has several lim-
itations and requires precise knowledge on the number of
occupants, their CO2 generation rate (metabolic rate) as well
as knowledge on airﬂows between adjacent spaces. Rather
than making these assumptions, it was assumed that lower
CO2 concentration may imply higher ventilation rate and
better indoor air quality. It seems justiﬁed to make this
assumption, as it has been made earlier in recognized stud-
ies (e.g., Daisey et al. 2003; Griﬃths and Efthekari 2008;
Twardella et al. 2012). The measured CO2 concentrations
were below the 8-hour maximum permissible occupational
exposure level of 5000 ppm (OSHA 2017). Also, there is
no conclusive evidence that CO2 itself among adults should
increase the risk of discomfort or health problems or the
cognitive performance of simple tasks (Liu et al. 2017; Zhang
et al. 2016, 2017), although demanding cognitive tasks have
been shown to be aﬀected (Allen et al. 2016; Satish et al.
2012). CO2 at the concentrations measured in the current
study should thus not be considered a toxic compound.
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In summary, the present measurements during the heating
season conﬁrmed that manual opening of windows in schools
located in moderate climate zones rarely takes place. There-
fore, it is less reliable in improving the classroom air quality
than retroﬁts with automatically controlled ventilation. The
installed nominal capacity of the controlled systems should
match code requirements for minimum airﬂow, even if addi-
tional ventilation can be achieved by automatic opening of
windows.
Conclusions
 With a visual CO2 feedback display in the classroom,
windows were open for a greater proportion of the
occupied time including breaks than in the reference
classroom, in which windows were also opened manu-
ally, but this did not result in signiﬁcantly lower CO2
concentrations.
 In a classroom with automatic window opening and an
exhaust fan, windows were open for 71% of the occu-
pied period including breaks, which resulted in signiﬁcantly
lower CO2 concentrations than in the classrooms with only
manual opening of windows and doors.
 In a classroom with automatic window opening and heat
recovery units, windows were open for 49% of the occupied
period including breaks, but this did not result in signiﬁ-
cantly lower CO2 concentrations than in the two classrooms
with manual window opening.
 The lowest CO2 concentrations were measured in the class-
room with a mechanical ventilation system and the class-
room with automatic window opening and an exhaust fan.
 The temperature did not diﬀer signiﬁcantly between the
classroom without any retroﬁt and the classrooms with
automatic window opening, and it was generally within the
recommended thermal comfort range. In the classrooms
with a visual CO2 feedback display or with mechanical ven-
tilation system temperatures were signiﬁcantly higher than
in the other rooms. The settings of the radiator thermostats
and a malfunctioning valve in the mechanical ventilation
system may have caused the system to supply air at a tem-
perature that was too high.
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